Purpose Lumbar laminectomy affects spinal stability in shear loading. However, the effects of laminectomy on torsion biomechanics are unknown. The purpose of this study was to investigate the effect of laminectomy on torsion stiffness and torsion strength of lumbar spinal segments following laminectomy and whether these biomechanical parameters are affected by disc degeneration and bone mineral density (BMD). Methods Ten human cadaveric lumbar spines were obtained (age 75.5, range 59-88). Disc degeneration (MRI) and BMD (DXA) were assessed. Disc degeneration was classified according to Pfirrmann and dichotomized in mild or severe. BMD was defined as high BMD (Cmedian BMD) or low BMD (\median BMD). Laminectomy was performed either on L2 (59) or L4 (59). Twenty motion segments (L2-L3 and L4-L5) were isolated. The effects of laminectomy, disc degeneration and BMD on torsion stiffness (TS) and torsion moments to failure (TMF) were studied.
Introduction
Symptomatic lumbar spinal stenosis is a common degenerative disorder in the aging population. It can lead to low back pain and radiculopathy, neurogenic claudication and muscle weakness. Spinal decompression by facet joints preserving laminectomy of the affected lumbar segment is a commonly used surgical technique to alleviate symptoms. However, a decompression laminectomy obviously leads to a loss of anatomical integrity due to the removal of bony structures and the interspinous, posterior longitudinal and flavum ligaments. Despite preservation of the facet joints, lumbar laminectomy may affect spinal biomechanics, causing return of symptoms due to rotatory slips, degenerative scoliosis and post-operative fractures which are defined as post-laminectomy syndrome or failed back surgery syndrome.
The effect of lumbar laminectomy on intervertebral shear stiffness and shear force to failure is well-known [5, 6] . However, during daily activities such as asymmetric lifting [17] , the lumbar spine is not only subjected to shear forces but also to torsion moments and the resulting axial rotation. Torsional injuries of the lumbar spine occur with load application accompanied by axial rotation [1, 10] . It is commonly held that a decreased resistance to spinal torsion is one of the most important parameters in the etiology of low back pain and disc degeneration [4, 11, 12] .
In the present study, the effects of laminectomy on the torsion stiffness (TS) and torsion strength expressed as torsion moment to failure (TMF) are quantified in 20 human cadaveric lumbar spinal segments. In addition, it was also assessed whether the severity of disc degeneration and differences in bone mineral density (BMD) of the lumbar spine interact with laminectomy with respect to stiffness and failure moment.
We hypothesized that laminectomy substantially reduces TS and TMF of the human lumbar spine, and that the severity of disc degeneration and low BMD independently influence the post-operative biomechanical properties, expressed by TS and TMF, following laminectomy.
Methods

Specimens and specimen preparation
Thoracolumbar spines (T12-L5) were harvested from freshly frozen (-20°C) human cadavers (mean age 75.5 years, range 59-88 years). None of the donors had any history of spinal injury, surgery or metastatic disease. The spines were thawed before testing. Excessive soft tissue and muscle tissue were removed, keeping the anterior and posterior longitudinal ligaments and facet joints intact. Lumbar spines were sectioned in an L2-L3 and an L4-L5 segment. To exclude systematic effects of segment level, laminectomy was performed at L2 or L4 in a balanced design. The untreated level of each thoracolumbar spine was considered as internal control. Laminectomy, analogous to standard clinical practice, was performed by removing the spinous process and attached part of the lamina and the flavum and interspinous ligaments, leaving the facet joints intact.
During preparation, assessment and biomechanical testing, specimens were kept hydrated using 0.9 % salinesoaked gauzes. Furthermore, anteroposterior, lateral and oblique radiographs (Sedical Ó Digital Vet. DX-6, Arlington Heights, IL, USA) were made to determine whether bridging osteophytes were present in segments. Thoracolumbar spines with bridging osteophytes were excluded.
Before sectioning spines in segments for testing, MRI (Siemens Ó Symphony 1.5 Tesla: Syngo MR A30, software NUMARIS/4, Berlin, Germany) of the intact lumbar spines was performed to assess disc degeneration. Degeneration of the L2-L3 and L4-L5 intervertebral discs was graded according to the Pfirrmann classification of T2-weighted mid-sagittal sections [18] . Subsequently, degeneration scores were dichotomized; grades 3 or lower were classified as 'mildly degenerated' while grades higher than 3 were classified as 'severely degenerated'.
BMD (g/cm 2 ) of each lumbar spine was determined at L1-L4 with dual X-ray absorptiometry (DXA, Hologic Ó QDR 4500 Delphi DXA scanner, Waltham, MA, USA) in anteroposterior direction, in accordance with common clinical practice. Low BMD was defined as lower than median, while high BMD was defined as median or higher.
After sectioning spines into L2-L3 and L4-L5 segments, the motion segments were potted in a casting mold using low melting point (48°C) bismuth alloy (Cerrolow-147; 48.0 % bismuth, 25.6 % lead, 12.0 % tin, 9.6 % Cadmium and 4.0 % indium). The disc was placed parallel to the flat surface of the bismuth based on visual inspection. The upper and lower vertebral bodies were fixed securely into the alloy by adding screws into the vertebral body. Screw fixation was reinforced with orthopedic bone cement (Stryker Ó , Simplex, Kalamazoo, MI, USA). All articulating parts were kept free.
Biomechanical testing
The casting mold was placed in a hydraulic materials testing machine (Instron Ó , model 8872; Instron and IST, Norwood, Canada), to apply torsion moments. Spinal segments were tested without imposing a specific axis of axial rotation in a custom-made test setup (Fig. 1) . Consequently, segments were able to find their physiological motion patterns irrespective of possible differences in embedding. During application of torsion moments, segments were loaded with a continuous purely axial compressive force of 1,600 N applied using a pneumatic cylinder [5, 6] . Calibration of axial compression was performed using a load cell (Hottinger Baldwin Messtechnik Ó , Force Transducer Type C2, Darmstadt, Germany). The 1,600 N preload was selected to allow for comparison with load levels found in daily physiological loading [16] and to compare with previous work [5, 6] , without causing compressive failure [7] . Subsequently, torsion load was applied with a constant rate of 3.0°per min by pulling on a metal wire, which was securely fixed to the part of the casting mold that contained the caudal vertebral body (Fig. 1) . The test was stopped after hearing a clear crack or after a large moment reduction was seen. Torsion moment and displacement were recorded and digitized at 100 Hz (Instron
For each of the 20 motion segments tested, TMF was determined. The TMF was defined as the maximum moment (in Newton meter) recorded. The torsion stiffness was calculated from the load-displacement curve. Loaddisplacement curves showed two distinct phases with differences in stiffness in the early and late phase of the curve. The transition phase between the early and late phase of the load-displacement curve indicated gradual yielding. Therefore, stiffness was analyzed separately for the early and late phase. Early torsion stiffness (ETS) was calculated between 20.0 and 40.0 % of the TMF, while late torsion stiffness (LTS) was calculated between 60.0 and 80.0 % of the TMF. TS was estimated by means of a least squares fit of a straight line through the torsion load-displacement data with the slope of the fitted line representing stiffness. The deformation in this region was linear between load and displacement for all motion segments. r 2 values were all above 0.96 except for 4 individual values (Table 1) . We checked these curves visually and found that a linear fit was optimal and that the lower r 2 values were caused by minor irregularities in the curves rather than clear non-linearities.
Statistical methods
ANOVA was used to assess relationships between dependent and independent variables. Dependent variables were ETS, LTS and TMF. First, analyses were performed to determine the effect of laminectomy and degeneration on all three dependent variables, using laminectomy and dichotomized Pfirrmann scores as fixed factors and specimen as random factor. Next, we tested whether dichotomized BMD co-determined independent variables and whether these modified the effects of laminectomy, by repeating the analysis while replacing the factor dichotomized Pfirrmann score by the dichotomized BMD in the ANOVA. Note, however, that in the latter test, specimen could not be maintained as a random factor as BMD only varied between and not within segments. Consequently, this test was less sensitive for detecting effects of laminectomy, and therefore, main effects of laminectomy are not presented for this test. A significance level of 5 % was used. The statistical analyses were performed using SPSS for Mac version 16.0 (SPSS Incorporated Ó , Chicago, IL, USA).
Results
All specimen parameters and outcome measures are presented in Table 1 . Visual inspection and MRI confirmed that facet joints were intact, and no fractures of the pars interarticularis were present in operated or intact segments before mechanical testing. Ten segments were classified as mildly degenerated and ten segments as severely degenerated. The median total BMD of all spines (L1-L4) was 0.76 g/cm 2 (range 0.55-1.13). Therefore, low BMD was defined as \0.76 g/cm 2 and high BMD was defined as C0.76 g/cm 2 . Furthermore, a significant difference (p \ 0.001) between mean ETS (8.9 ± 5.0) and mean LTS (4.9 ± 4.1) was found using a paired t test. In some loaddisplacement curves, a clear yield point was seen, whereas in other, there was a gradual decline in stiffness.
Effects of laminectomy on torsion biomechanics 
Effects of disc degeneration on torsion biomechanics
Segments with severe disc degeneration had a significantly higher (p \ 0.001) ETS than segments with mild disc degeneration ( Note that effects of laminectomy in severely and mildly degenerated spines were smaller than in the group as a whole. This was due the fact that in the untreated group, specimens were somewhat more degenerated and degeneration did affect ETS. Considering the interaction between the effect of disc degeneration and laminectomy, it was found that the reduction of ETS following laminectomy was larger in severely degenerated discs (mean 2.7 Nm/ degree or 22.3 %) than in mildly degenerated discs (mean 1.5 Nm/degree or 19.7 %). LTS was similarly affected by disc degeneration as ETS (Fig. 3) . However, neither the main effect of disc degeneration (p = 0.065) nor its interaction with laminectomy (p = 0.104) reached significance (Table 2) . TMF was not affected by disc degeneration nor its interaction with laminectomy (Table 2 ; Fig. 3 ).
Effects of BMD on torsion biomechanics
Neither the main effect of low BMD nor its interaction with laminectomy did affect ETS and LTS (Table 2 ; Fig. 4 ). TMF was significantly (p \ 0.001) higher for segments with high BMD than for segments with low BMD ( 
Discussion
In this study, we investigated the impact of lumbar laminectomy on both torsion stiffness (TS) and TMF, and their interaction with disc degeneration and BMD. Torsional strength of the untreated lumbar spine was studied previously [2, 9, 11] . For untreated lumbar segments, we found an average TMF of 51.4 Nm, which is about twice as high as the average moment to failure reported by Adams and Hutton [2] . These differences are most likely related to both the higher axial compression load and the free rotation center in our study. Adams and Hutton used a fixed rotation center and substantially lower axial compression loads. Furthermore, we used the ultimate force while Adams and Hutton used the yield force. Farfan et al. [9, 11] measured TMF under compression (maximum of 573 N) in degenerated segments; their results were comparable to the present results. We used a constant compressive load level of 1,600 N to allow for comparison with the load levels found in daily physiological loading [16] and to compare with previous work [5, 6] . While this force may seem high, it is not very high compared to that estimated in vivo compression. Mainly due to muscle forces, the spine is already subjected to forces of this magnitude when the trunk is inclined about 45°forward. When lifting a 10 kg object from ground level, compression forces can increase up to about 5,000 N [16] . Failure compressive loads in human cadaveric spines are on average 3,000 N [7] . To facilitate comparison with In addition, in the middle 2 columns the effects of BMD and its interaction with laminectomy are presented
Bold values indicate statistical significance at P \ 0.05 physiologic loading conditions, spinal segments were tested without imposing a specific axis of axial rotation. Therefore, segments were able to find their physiological motion patterns irrespective of possible differences in embedding. Furthermore, we used a single loading cycle. Cyclic loading might, through visco-elastic behavior of the intervertebral disc, shift load to the posterior element [22] , thereby possibly enhancing the detrimental effect of laminectomy on torsional strength. In addition, it should be noted that a limitation of our study is that we used only one specific, relatively low deformation rate (3.0°per min), which might have induced some creep behaviour, effectively transferring rotational resistance from soft tissues to bony structures. However, those effects are likely small. Fig. 3 The effect of laminectomy and disc degeneration on ETS, LTS and TMF (mean values ± SD). Significant differences between untreated and segments with laminectomy are marked (asterisk). Significant effects of disc degeneration (plus symbol) and its interaction with laminectomy (hash symbol) are also marked Fig. 4 The effect of laminectomy and BMD on ETS, LTS and TMF (mean values ± SD). Significant differences between untreated and segments with laminectomy are addressed (asterisk). Significant effects of BMD are also marked (plus symbol)
Busscher et al. [8] found a 10 % increase in axial rotation ROM after 30 min of creep, whereas in the present study TMF was reached within a few minutes in most specimens (Table 1) . We showed that laminectomy reduces TMF and TS of lumbar spinal segments by approximately 18 %, and 34 and 30 % for ETS and LTS, respectively. For shear loading, reductions in strength were larger (44.2 %), while reductions in stiffness were smaller (19.9 %) [5, 6] . Reductions of these biomechanical parameters were expected since posterior elements, consisting of both soft and bony tissue, are crucial in restraining axial rotation [2, 3, 13] .
New in our study was that load-displacement curves of torsion biomechanics showed a bi-phasic pattern, with differences between stiffness in the early phase of the loaddisplacement curve and in the late phase of the loaddisplacement curve before failure (Fig. 2a, b) . Therefore, we differentiated results between ETS and LTS to separately quantify stiffness in the early and late phase of the load-displacement curve. To our best knowledge, this biphasic phenomenon was not described previously. We found significant differences (p \ 0.001) between early and late TS of the human lumbar spine. The transition zone between ETS and LTS possibly indicates yielding. Yielding refers to a decrease in stiffness, possibly reflecting the first damage to the structure [20] . Since the yield-phase in the load-displacement curves did not show a well-defined transition between ETS and LTS, we could not define a yield point. We did not report axial rotation angles at failure. Figure 2a shows a typical example of data, presenting the load-displacement curve of an untreated segment. The 'flat' second part of the curve means that large changes in axial rotation angles can occur, without much change in torsion moment. Therefore, axial rotation angles at failure are unreliable. Concerning the failure patterns during testing, we were, unfortunately, not able to address the exact cause of failure.
It has been reported that the average torque at failure for degenerated discs is lower than for normal discs [11] . Our results did not corroborate this finding. However, we demonstrated a marked effect on ETS, which proved to be approximately 30 % higher in severely degenerated segments in comparison to mildly degenerated treated and untreated segments. In addition, the negative effect of laminectomy on ETS was marginally larger in severely degenerated discs (mean 2.7 Nm/degree) in comparison to mildly degenerated discs (mean 1.5 Nm/degree). As expected, an interaction between disc degeneration and laminectomy was found, since laminectomy causes a shift in load-bearing from the posterior elements to anterior elements [14] . Notably, spinal segments treated with laminectomy and in the presence of severe intervertebral disc degeneration were still found to be stiffer than untreated mildly degenerated segments. This may reflect that severe degeneration makes the disc stiffer in torsion. Alternatively, the increased stiffness with degeneration may reflect increased facet contact in degenerated specimens [19] or direct contact of other structures, such as the endplates. Three segments were severely degenerated (Pfirrmann grade 5) and especially in these segments, results might have been affected by endplate engagement. We performed data analysis again after excluding these segments and indeed the interaction effect between ETS and degeneration disappeared after omitting these segments, while other statistical results did not change. In contrast to stiffness, we found that TMF was not affected by disc degeneration. So a stiffer intervertebral joint does not increase the failure load in torsion, which is probably due to the fact that failure occurs in the bony rather than the intervertebral disc structure.
BMD was found to have a major impact on torsion strength of spinal segments following laminectomy. The effect of low segmental BMD on TMF was even larger than the effect of laminectomy on TMF. These results were consistent with previous findings on shear strength [5, 6] and compressive strength [7, 20] . Significant effects of BMD on stiffness could not be established. Stiffness might be determined by soft tissue primarily. In addition, large standard deviations (Fig. 4) might also have prevented detection of such effects. A limitation is that BMD of dissected lumbar spines is significantly lower than BMD measured in intact human cadavers [21] . However, the absolute differences were small. Previously presented BMD of dissected lumbar spines was slightly higher than our BMD; however, these specimens were substantially younger [15] .
Decompressive lumbar laminectomy for severe degenerative spinal stenosis usually leads to a significant postoperative relief of symptoms. Despite these good clinical results, however, some patients present themselves with recurrence of symptoms and unremitting low back pain in the long term. Radiological assessment of these patients does not show evident changes on static and dynamic radiographs, MRI or CT imaging. We hypothesize that these symptoms are a result of a post-operative change in spinal biomechanics. Yielding, i.e., passing the transition zone between ETS and LTS, may be correlated to the recurrence of symptoms. Further studies on the yielding of this typical bi-phasic stiffness of the lumbar spine are necessary. Besides defining a yield point, it could be valuable to determine what biomechanical change causes a spinal segment to yield. Factors determining the yield point and segmental stiffness were already determined for shear loading [6] . Future research should focus on the prognostication of torsion biomechanics after laminectomy.
In conclusion, laminectomy affects both torsion stiffness and torsion load to failure. In addition, torsional strength is strongly affected by BMD whereas disc degeneration affects torsional stiffness. Assessment of disc degeneration and BMD pre-operatively improves the understanding of the biomechanical effects of a lumbar laminectomy.
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